[1] Numerous hot springs flow within the steeply incised gorges of the central Nepal Himalayan front. The spring fluids have total dissolved solids (TDS) up to 7000 mg/L and Na + , and K + typically comprise >50% of the cationic charge, indicating that high-temperature silicate alteration is the dominant source of hot spring alkalinity. HCO 3 À is normally the dominant anion. Sr isotope ratios from the hydrothermal fluids are similar to the range of values found in the host rocks and imply significant fluid-rock interaction with local lithologies. To determine the impact of the hydrothermal solute load on the local and regional river chemistry, we use a chemical mass balance approach to quantify the hot spring discharge. The springs are ubiquitously enriched in germanium (Ge) with high but variable Ge/Si. Himalayan rivers upstream of the hot spring zones have Ge/Si systematics like other unpolluted rivers, but downstream they are highly anomalous, with Ge/Si from 2 to 20 mmol/mol. Ge and Si appear to behave conservatively during mixing of spring and river, and the large disparity between river and spring [Ge] and Ge/Si ratios makes germanium an effective tracer of hot spring input. We use the Ge/Si mass balance to estimate the spring flux to individual river systems. Our results show that the premonsoon spring flow over the entire Narayani basin is about 2 m 3 /s (with a factor of 2 uncertainty), or 0.5% of the total Narayani river discharge. We estimate that the springs provide 25 (±15)% of the silicate-derived alkalinity to the Narayani system during the low-flow season from October to May. Available monsoon season data indicate that the spring flux increases during the monsoon by a factor of 2-3, but this increased flow is diluted by the up to 10Â increase in overall river flow. The annual river discharge-weighted mean spring flux is 3.0 ± 1.2 m 3 /s for the Narayani; hydrothermal alteration contributes $10% of the annual flux of silicate alkalinity to this large river system.
Introduction
[2] The sources of alkalinity in Himalayan rivers, and the impact of this alkalinity on the world oceans have been of interest to geochemists seeking to evaluate the influence of mountain building on global geochemical cycles [Sarin et al., 1989; Krishnaswami et al., 1992; Pande et al., 1994; Quade et al., 1997; Dalai et al., 2002; Dowling et al., 2003; Jacobson et al., 2003 ]. In the GangesBrahmaputra (GB) river system, independent studies have established that the major source of alkalinity is the dissolution of carbonates, with smaller but variable contribution from silicate alteration [Galy and France-Lanord, 1999; English et al., 2000; Jamieson et al., 2002] . These results place limits on the role of silicate weathering in the Himalaya as a long term carbon sink but the processes that generate silicate alkalinity require further quantification. Both climate and geomorphic position appear to play roles in determining silicate weathering fluxes. At the scale of large Himalayan catchments, silicate weathering yields appear to scale with runoff [France-Lanord et al., 2003] . In the high-relief Himalayan zone, silicate weathering in the soil environment is limited by rapid landscape turnover and short residence time of minerals in the soil. Regolith weathering is more extensive in the more stable foreland basin, and silicate weathering yields are substantially higher in the Siwalik zone West et al., 2002; France-Lanord et al., 2003] .
[3] Hydrothermal activity along the Himalayan front is another, less well investigated, source of river solutes and alkalinity. Active hot springs are present in all the major river valleys along the topographic front of the central Himalaya. In a previous study we estimated that hot springs are the source of up to 30% of the silicate-derived cations in the Marsyandi river in central Nepal [Evans et al., 2001] . Alteration reactions at hydrothermal temperatures can be an efficient means of neutralizing carbonic acid and generating alkalinity in silicate terranes. The direct introduction of hot spring fluids and the dissolution of hydrothermal precipitates could be significant sources of silicatederived alkalinity in geothermally active regions, but these fluxes have rarely been quantified in studies of chemical mass balance in river systems. Here we develop a chemical mass balance technique using germanium to estimate the contribution of hot springs to the river discharge, and then compute the contribution of silicate derived alkalinity to the river system of central Nepal from geothermal sources. The results indicate that hydrothermal activity is an important source of silicate derived alkalinity to rivers in this tectonically active region.
Geologic Setting
[4] The Himalayan front of central Nepal consists of two north-dipping fault systems that delineate the main lithologic units (Figure 1 ). Moving from south to north and upsection, the intermediategrade schists and phyllites of the Lesser Himalayan sequence (LH) are separated from the over-riding high-grade gneisses of the High Himalayan Crystalline units (HHC) by the Main Central Thrust (MCT). Both the LH and HHC are derived from clastic and carbonate sediments deposited off the passive continental margin of India in the Middle to Late Proterozoic, respectively [Parrish and Hodges, 1996] . The Main Central Thrust is a 1-10 km wide shear zone [Le Fort, 1975] . The South Tibetan Detachment System (STDS) consists of a series of low-angle normal faults [Burg et al., 1984; Burchfiel and Royden, 1985; Hodges et al., 1992] dividing the HHC from the overlying Tethyan Sedimentary Sequence (TSS), a Paleozoic to Tertiary low-grade shelf sequence dominated by carbonates. The Narayani river system is composed of four major south-flowing tributaries which flow across all the lithologies of the Himalayan front ( Figure 1) ; these are the Kali Gandaki, the Marsyandi River, the Bhuri Gandaki, and the Bhote Kosi/Trisuli River. Other significant streams sampled in this study include the Mayagdi Khola, the Modi Khola, the Seti Khola, and the Langtang Khola.
Hot Springs
[5] Along the base of the High Himalaya, there is a significant topographic break which is generally parallel to and often coincident with the trace of the Main Central Thrust (MCT) [Seeber and Gornitz, 1983; Sai-Halasz, 1999; Wobus et al., 2003] . Along this topographic break and at or near the MCT, numerous hot springs flow within and along the south-flowing streambeds [Bhattarai, 1980] . Typically the springs occur as clusters of individual water sources along a stretch of river bank from tens to over one hundred meters long. A number of spring systems are associated with nick points in stream profiles. Geothermal systems in areas of relatively high regional heat flow often form along fault/fracture zones and are particularly prevalent where these fracture zones intersect with topographic lows [Rybach, 1981] . Similarly, in central Nepal, hot springs tend to flow where the MCT shear zone intersects with the highly incised gorges (Figure 1 ). The majority of the springs in the study area flow from HHC bedrock although the springs in the Myagdi Khola and a portion of those in the Kali Gandaki and Trisuli flow from Lesser Himalayan rock formations, demonstrating the strong regional topographic control over spring locations. An additional set of springs are found within the N-S trending graben in the upper Kali Gandaki system and flow from TSS lithologies.
Methods
[6] River and hot spring samples for this study span multiple field seasons from 1975 to 2001. Water samples were filtered through 0.22 or 0.45 mm filters and stored in acid-washed polyethylene bottles. Two samples were taken from each location; one was acidified with ultra-clean HNO 3 for analysis of dissolved cations. The other was not acidified and taken without head space to minimize degassing, and used for analysis of anions. Every effort was made to minimize exposure to sunlight and ambient temperatures. Samples were refrigerated upon return to Kathmandu, within 1 to 15 days after collection, and after air transport to the laboratory until analysis. Major element concentrations were measured by inductively-coupled-plasma atomic emissions spectrometry (ICP-AES) (cations) and ion chromatography (anions) at Cornell University and the Centre de Recherches Pétrographi-ques Géochimiques (CRPG), in Nancy, France. Uncertainty on both cation and anion analyses was <5%. Sr isotopic compositions were measured on a VG Sector-54 at Cornell University. Dissolved silica was determined by both ICP-AES and ''molybdate blue'' spectrophotometry and the results are comparable to within 10%. Ge concentrations were determined by isotope-dilution hydride generation [Mortlock and Froelich, 1996] on a Finnigan Element II inductively coupled plasma mass spectrometer (ICP-MS) at Cornell University [Kurtz, 2000] . Total reagent blanks for Ge are less than 0.5 ppt and reproducibility is $3%.
[7] River discharge was measured in the field for the Myagdi Khola, Kali Gandaki, Modi Khola, Seti Khola, and Langtang Khola rivers using a submersible flowmeter (General Oceanics # 2030R) and tape and staff measurements for river width and depth. Discharge measurements were taken at the same location and at the same time as water samples to reduce potential uncertainty in subsequent calculations. Multiple flow readings were taken at bridge crossings where depth and width could be readily measured. The Nepali Government's Department of Hydrology and Meteorology (DHM) has monitored stream gauges for 10 years and report average monthly discharge for the Bhuri Gandaki, Marsyandi, Trisuli, and Kali Gandaki as well as the Narayani over this 10-year span [Yogacharya et al., 1998 ]. Uncertainty for these discharge measurements has been estimated at ±25% [Lave and Avouac, 2001] . The discharge measured in March, 2001 for this study for the Kali Gandaki at Beni is 58 ± 21 m 3 /s (Table 3) . The ten year average for March discharge reported by the DHM for the station at Baglung, just downstream from Beni, is 54 ± 13 m 3 /s [Yogacharya et al., 1998] . Both values agree well within their reported uncertainties and this provides a level of confidence for the discharge measurement technique used in this study.
Results

River Chemistry
[8] New samples analyzed for this study from central Nepal rivers have temperatures ranging from 8°to 19°C and pH values range from 7.9 to 8.9 (Table 1) . As most of the rivers have headwaters in the TSS, carbonate dissolution dominates the cation budget with Ca 2+ and Mg 2+ comprising 75 to 95% of the cationic charge, and Na + + K + making up equal portions of the remaining cation budget (Figure 2a) . Bicarbonate is the dominant anion ( Figure 2b ) and the rivers generally have low
. Total dissolved solids (TDS) for the rivers averages around 150 mg/L and is higher in samples downstream of spring locations. The rivers are near or above saturation with respect to calcite. The chemistry of the Trisuli differs somewhat from the other major streams, with a larger contribution to the cationic charge from Na + and K + . Galy and France-Lanord [1999] observed that the Bhote Kosi-Trisuli River system is primarily a silicate bedrock drainage basin, and the water chemistry is less affected by carbonate dissolution than are the other major streams.
Hot Spring Chemistry
[9] The central Nepal hot springs are primarily Na + À HCO 3 À À Ca 2+ À Cl À waters with circumneutral pH ( 
Chemical Mass Balance
[10] In order to assess the overall effect of the spring systems across the Narayani drainage the discharge from all the springs must be quantified. Direct measurement of the spring discharge is difficult, as many springs are physically inaccessible and/or are relatively small and diffuse flows which can discharge directly into the streambed. A chemical mass balance approach provides a viable alternative to direct measurement and has the distinct advantage of accounting for springs that are both hard to reach and as of yet un-sampled or unmapped. This approach has long been used in hydrological studies [Kilpatrick and Cobb, 1985; Herschy, 1995] and was successfully applied to the springs flowing near the MCT in the Marsyandi system [Evans et al., 2001] .
Germanium as a Tracer of Hot Spring Input
[11] Several characteristics must be assessed when choosing an appropriate tracer of hot spring input. Most importantly, the element(s) involved should show conservative behavior during mixing of spring and river waters. In addition, in order for the mass balance to be well resolved there should be a strong contrast between the tracer values in the springs and surface waters. Evans et al. [2001] used Cl À as an effective chemical tracer of hot spring input for the Marsyandi spring system. In this system, the Cl À concentrations in the springs are up to 4 orders of magnitude higher than those in the tributaries and Cl À is a conservative element [Evans and Derry, 2002] and the characteristic enrichment of Ge in hydrothermal waters makes it an effective tracer of hot spring input to streams.
Germanium in Rivers
[12] Germanium and silicon display like behavior in most geological environments due to similarities in both charge and ionic radius. Ge/Si ratios can therefore be used to trace silica behavior during surface processes [Mortlock and Froelich, 1987; Murnane and Stallard, 1990; Kurtz et al., 2002] . Globally, germanium-silicon systematics in clean rivers (unaffected by coal fly ash pollution) tend to form arrays on Ge/Si versus Si (or 1/Si) plots [Froelich et al., 1985] . This relationship has been interpreted to reflect mixing between weathering of primary minerals which yield high [Si] and low Ge/Si, and weathering of secondary minerals, which yield low [Si] and high Ge/Si [Mortlock and Froelich, 1987; Murnane and Stallard, 1990; Kurtz et al., 2002] . Rivers with Ge/Si values above 3 mmol/mol are rare and are known only from distinct settings. Areas of high weathering intensity or blackwater streams both in tropical environments can produce streams with Ge/Si values $2.5 mmol/mol and in some cases, glacial weathering processes can produce low [Si] waters with Ge/Si up to 2 mmol/mol, probably from the breakdown of high Ge/Si biotite [Chillrud et al., 1994; Anders et al., 2003] . Higher values have only been reported from a few locations affected by hydrothermal input and/or possibly sulfide weathering [Mortlock and Froelich, 1987; Anders et al., 2003 ].
[13] The major rivers in central Nepal have anomalously high Ge/Si ratios and do not lie near the global mixing array (Figure 4) . A significant number of rivers in the Narayani drainage show Ge/Si values from 3 to 20 mmol/mol and have [Ge] up to 2.6 nmol/kg, (Table 1) , the highest reported values for streams not affected by coal-fly ash input ( Figure 4 ). These high Ge/Si values are only found in streams with active hot springs indicating that both the high Ge concentrations and Ge/Si ratios in Himalayan streams result from hot spring input. Further, rivers sampled upstream of the zone of geothermal activity and tributaries without hot springs have lower Ge/Si ratios from 0.2 to 1.6 mmol/mol, (average Ge/Si = 0.7). These values are typical of low to moderate intensity weathering processes in continental rocks and fall near the global Ge/Si mean of 0.5 mmol/mol [Mortlock and Froelich, 1987] .
Germanium in Hot Springs
[14] Hydrothermal waters are enriched in Ge regardless of geologic setting (e.g., Iceland [Arnorsson, 1984] , the Massif Central [Criaud and Fouillac, 1986] , and the seafloor [Mortlock et al., 1993] ). Hot springs in central Nepal have very high germanium concentrations (up to 684 nmol/kg) and some of the highest (Ge/Si) ratios reported for thermal waters with values ranging from 4 to 1000 mmol/mol [Evans and Derry, 2002] . The large and consistent contrast between spring and surface waters makes germanium ideal for use in the chemical mass balance (Table 2) . Germanium has similar chemical behavior to silicon and would only be removed from streams in significant amounts by opal precipitation. Himalayan streams are strongly undersaturated with respect to opal and Ge should therefore be conservative. In some environments sorption of Ge to iron oxides may affect Ge/Si systematics [Anders et al., 2003] . Some of the hot springs, particularly those known locally as ''ratopani'' (''colored water'') precipitate iron oxides around the spring vent. Ge/Si ratios in two oxide precipitates were 0.14 and 3.8 (Table 2) . On the basis of this limited data set, we make the assumption that Ge is not significantly fractionated from silica in this environment. While strong enrichment in Ge is ubiquitous in the hot springs in our study area, the degree of enrichment is quite variable between individual spring systems. Consequently, we calculate the influence of hydrothermal discharge on river chemistry using measured values from individual river and spring systems.
Hot Spring Discharge
[15] The fraction of the total river discharge contributed by the hot springs (F W HS ) is calculated using an end-member mixing model for Ge/Si ratios, weighted by the silica concentration of the endmembers (equation (1)). End-members are the tributaries or upstream reaches of the rivers unaffected by hot spring input, and the hot springs. We make the assumptions that the Ge/Si in the main stem is the weighted sum of the hot spring and tributary contributions and that Ge and Si behave conservatively during mixing:
F W HS is the fraction of the total river discharge contributed by the hot springs. Square brackets denote concentrations. Subscript HS denotes average hot spring values for each basin, trib denotes all nonspring affected surface water input (including the main stem upstream of the hot springs, surface runoff, and cold springs), and R denotes downstream value for the main stem taken near the point of measurement for the main stem discharge.
[16] F W HS was determined for the spring systems in each of the eight major individual drainages (Myagdi, Kali, Modi, Seti, Marsyandi, Bhuri, Trisuli/BhoteKosi, and Langtang) that contribute to the Narayani system. (Table 3) . Actual discharge from the hot springs was calculated using main stem discharge values from two sources. When possible, river discharge was measured in the field to reduce potential temporal and geographic uncertainties. Where field-discharge measurements were not available, the DHM 10-year average for the sampling-month was used [Yogacharya et al., 1998] 
Uncertainties
[17] Overall uncertainties for F W HS are dominated by the uncertainty that arises in determining the hot spring end-member Ge/Si value. While the relative uncertainties are large ($60%) for the tributary end-member Ge/Si value, this has a relatively minor effect on the F W HS calculation. In systems with only one sampled spring the end-members are easily defined and the uncertainty is relatively small (i.e., the Modi Khola). However, in the Marsyandi, Kali Gandaki and Trisuli river systems there are multiple spring locations (Figure 1 ) with variable Ge systematics and this variability results in increased uncertainty when defining a hot spring end-member value for the mass balance. The uncertainty on F W HS is compounded following typical error propagation protocol [Ku, 1969] .
Comparison With Cl
À À À Mass Balance
[18] The Marsyandi river system has been well sampled, and the hot springs are found in four clusters within the outcrop area of the HHC above the Main Central Thrust [Evans et al., 2001] . Downstream profiles of chloride (and other elements) and Ge/Si ratios clearly show the impact of hot spring input ( Figure 5 ). In the headwaters, both the main stem and tributaries have Ge/Si = 0.3 mmol/mol. A zone of hot springs 30 km from the headwaters near Chame have Ge/Si from 60-110 mmol/mol, and the main stem value increases as it passes through this zone. Near Jagat, (55 km from the headwaters) a second group of hot springs with Ge/Si near 180 mmol/mol drive the main stem ratio to over 10, while tributary values remain <1.8 mmol/mol. Near Bahundada ($65 km from the headwaters and a few km upstream of the surface expression of the MCT), springs with Ge/Si % 50 and two tributaries with Ge/Si % 11 maintain a high ratio in the main stem, despite the contribution of other ''normal'' tributaries with low Ge/Si. The two anomalous tributaries near Bahundada almost certainly have hot spring input, although we did not explore them upstream. One (Ngadi Khola) has high chloride, consistent with geothermal activity. Downstream, dilution by tributaries with typical weathering values of [Froelich et al., 1985 [Froelich et al., , 1992 Mortlock and Froelich, 1987; Chillrud et al., 1994] . Himalayan river Ge/Si values (filled diamonds) range from near the world average of 0.5 mmol/mol (gray dashed line) to as high as 20 mmol/mol, the highest values reported for nonpolluted streams. Smaller Himalayan streams with no known hydrothermal inputs have Ge/Si near the world average, while those with Ge/Si between 2 and 20 mmol/mol are sampled near or downstream of hot spring locations.
Geochemistry Geophysics
Ge/Si 1 causes the main stem Ge/Si ratio to fall to 4.5 mmol/mol just before its confluence with the Trisuli. The overall pattern of Ge/Si in the Marsyandi is very similar to that for chloride. We can compare the result of the Ge/Si mass balance calculation with that based on Cl Evans et al. [2001] . The close agreement of these two independent tracers of hydrothermal input strongly suggests that the Ge/Si mass balance is a viable tool for estimating hot spring fluxes.
Alkalinity Flux
[19] In light of efforts to quantify the silicate and carbonate weathering fluxes and therefore estimate the effect of weathering in the Himalaya on atmospheric CO 2 budgets, the silicate alkalinity flux from Himalayan rivers has been the focus of recent study [Sarin et al., 1989 Singh et al., 1998; Galy and France-Lanord, 1999; English et al., 2000] . The solute load of the Ganges-Brahmaputra system has been shown to be dominated by carbonate dissolution [Sarin et al., 1989; Galy and France-Lanord, 1999; Jacobson and Blum, 2000] with an estimated 80-90% of the cations derived from carbonate sources. Nonetheless, for drainages underlain with silicate bedrock the fraction of total alkalinity derived from silicate sources can exceed 70% [Galy and France-Lanord, 1999] . In those silicate-dominated catchments atmospheric deposition and dissolution of trace/minor amounts of carbonate supply the remainder of the riverine alkalinity [e.g., Jacobson and Blum, 2000]. [20] In the Nepal hydrothermal waters, bicarbonate is the dominant anion in all but a few of the springs, and Na + and K + make up a significant fraction of the total cations (Figure 2) . Most of the springs have circum-neutral pH values and relatively low B concentrations; we therefore assume that alkalinity ffi [HCO 3 À ]. In the Myagdi Khola hot springs, where B concentrations are very high (up to 2400 mmol/kg), this assumption is still valid, as the pH of the springs is $7 and most of the B should be present as the charge-neutral species B(OH) 3 [Hemming and Hanson, 1992] . Alkalinity titrations were performed on SPA-97 samples (Tables 1 and 2 ) and agree to within 10% with the alkalinity estimated via charge balance.
[21] Silicate alkalinity ([ALK] sil ) is the component of the total alkalinity balanced by cations released by the alteration of silicate minerals. In most natural waters, the alkalinity budget is dominated by Ca 2+ (and to a lesser extent Mg 2+ ) released by carbonate dissolution. Ordinarily, Na + and K + do not have significant carbonate sources, and are derived either from silicates, evaporites, or cyclic salts delivered from the ocean inland via precipitation. In stream waters, sodium budgets are often corrected for cyclic salt inputs by attributing all chloride to a ''halite'' source, with the remainder of Na + assigned to silicate sources [Stallard and Edmond, 1981] . Given that the Himalayan hot springs we sampled are mostly found within high-grade silicate terranes, we would expect that most of the base cations (Na + , K + , Ca 2+ and Mg 2+ ) are likely to be derived ultimately from silicate mineral alteration. In most spring samples, Cl À is a minor component of the anionic charge balance, and thus any ''cyclic salt'' correction is small. The generally low Cl À levels are consistent with the lack of evidence to suggest a proximal source of halite anywhere in the field area (either sedimentary evaporitic facies, or metamorphic parageneses such as scapolite formation). However, a number of hot spring samples have a larger contribution from Cl À , and several samples have molar Na + / Cl À < 1. Stoichiometry indicates that all the Cl À in these fluids cannot be attributed to halite, and requires that there is another source of Cl À for the hot springs. The high Cl À springs are from the Marsyandi basin and are found within the silicate Formation I (FI) of the HHC. We cannot identify the source of high chloride with certainty, but suggest that a plausible source is HCl from metamorphic fluids, possibly derived from a Cl 2 vapor phase produced during metamorphism of subducted LH sediments. Acid generated by the dissociation of HCl would be neutralized by mineral dissolution releasing base cations to solution, and this process could account for the low Na + /Cl À ratios.
[22] It remains likely that cyclic salts/halite supply some Na + and Cl À to hot spring fluids. Thus we can estimate the contribution of silicate sources to the alkalinity budget in two ways. A minimum value for silicate alkalinity can be calculated from sodium (corrected for cyclic salts and evaporite dissolution) and potassium:
[23] However, for the subset with excess Cl À , equation (2) is from a nonhalite source, equivalent to assigning all the Na + in the most chloride rich spring (MLB-51) to halite (Table 4a ) (i.e., no sodium released by silicate alteration), which as we noted above is highly unlikely. For all other springs we assumed 100% of chloride from halite, again almost certainly an overly conservative assumption. However, since chloride is not a major contributor to the charge balance of most of the other springs, the effect of any ''cyclic salt'' correction on them is small.
[24] The contribution of Ca 2+ and Mg 2+ from silicate sources can be estimated using the Ca/Na and Mg/K ratios of host rocks following Galy and France-Lanord [1999] , who modeled the contribution of silicate-derived Ca 2+ and Mg 2+ to the stream alkalinity budget using an equation of the form
where a and b were estimated from HHC feldspars and stream chemistry of silicate only catchments, respectively, [ALK] T HS is the total alkalinity concentration in the hot spring fluid, and F sil HS is the fraction of the total hot spring alkalinity derived from silicate sources. Feldspars in the HHC are typically An 18 -30 , while whole rock Ca/Na % 0.25 mol/mol [Galy and France-Lanord, 1999] . Biotite is a significant reservoir for Mg, with HHC whole rock Mg/K % 0.67 mol/mol [France-Lanord and . It is reasonable to suppose that Ca is released by alteration at least as efficiently as Na, as both are dominantly hosted in plagioclase. The relative behavior of Mg and K during alteration is less clear, but because Na*/K is nearly always >4, any uncertainty on the correct Mg/K ratio used to estimate the silicate contribution of Mg will have a small impact on the overall budget uncertainty. On the basis of the above observations, we adopt values of a = 1.25 and b = 1.67, somewhat more conservative than those estimated by Galy and France-Lanord [1999] , who used a = 1.4 and b = 2, although the difference in F sil HS values obtained using our values or those used by Galy and France-Lanord [1999] is small. Assuming zero Ca and Mg derived from silicate alteration (e.g., equation (2)) is equivalent to setting a = b = 1 in equation (3).
[25] Values of F sil HS were calculated using a = b = 1 (no Ca and Mg from silicates), and using a = 1.25 and b = 1.67 to estimate the contribution of Ca and Mg from silicates to the alkalinity budget for each spring. The results are broadly similar, because Na and K dominate the alkalinity budget of most of the springs, alone accounting for !50% of the alkalinity in 19 of 26 samples. With the estimated contribution from Ca and Mg included, F sil HS is 80-100% for most springs (Table 4a ). Two sets of springs, the low-temperature ($20°C) springs in HS is at or close to 100%, indicating that alteration of silicates rather than carbonates is the dominant process producing alkalinity in the hot springs. The actual production of alkalinity by hydrothermal alteration of silicates must be substantially higher than we observe in solution at the spring vent as carbonate precipitation both at the surface and in the subsurface removes significant quantities of alkalinity from solution in all the hydrothermal systems we sampled. This last observation is an important one for understanding the overall role that hydrothermal systems have in setting the alkalinity budget of Himalayan rivers, and we will return to it below.
Contribution of Hot Springs to River Alkalinity Budgets
[26] The silicate alkalinity fraction F sil R in the rivers is computed similarly to the hot springs, using equation (3) with a = 1.25 and b = 1.67 and [ALK ] sil R in the denominator. The data used for the river calculations are corrected for atmospheric deposition of solutes using precipitation data from Galy and France-Lanord [1999] . F sil R values for the rivers of the Narayani basin vary from 7% to 36%, with higher values in those rivers dominantly underlain by silicate rocks (Table 4b) . We combine the computed fractional hydrothermal water flux F W HS (equation (1)) with river discharge Q T and the alkalinity fraction estimates to compute the component of the river flux of silicate alkalinity that is derived from hot springs. The flux of silicate alkalinity in the river, J (ALK sil R ) is given by
where [ALK] T R is the total riverine alkalinity concentration and the total river water discharge Q T = Q trib + Q HS where Q trib = the discharge of all nonhydrothermal waters. Because Q HS is small relative to Q trib , Q T % Q trib . Similarly, the hot spring silicate alkalinity flux J (ALK sil HS ) is given by
Combining equations (4) and (5) yields the fractional contribution of hot springs to the riverine 
[27] We find that the hot springs provide from 3 to 77% of the silicate alkalinity to individual rivers (Table 5 ). The highest and lowest computed values are from the Modi and Langtang basins respectively, which have substantially smaller discharges than the other rivers in our study and contribute least to the overall mass balance. The larger rivers (n = 6) yield X(ALK sil HS ) = 9 to 27%. Taking the Narayani system as a whole, the hot springs are the source of nearly a quarter of the total silicate alkalinity. The Trisuli, Bhuri, Myagdi and Seti account for nearly 80% of this hydrothermal contribution.
[28] The above alkalinity mass balance of the Narayani system is estimated from the dischargeweighted sum of the silicate alkalinity contributions from the eight major tributaries (Table 5) . We also calculate the fraction of hot spring alkalinity relative to the data-driven J(ALK sil R ) at Narayanigat, downstream of the major confluences. The agreement between the two estimates is encouraging, but it should be noted that the hydrothermal flux value J(ALK sil HS ) is not independently computed for the second calculation. The agreement results from the fact that the weighted sum of the F sil R from the major tributaries is close to that calculated independently on the basis of the chemistry of the Narayanigat samples, and provides some confidence in the summation procedure. The mass balances presented in Table 5 are constructed primarily from samples taken in the March-May period, which is the low-water season in Nepal. Under these conditions, our results show that geothermal activity is an important source of silicatederived alkalinity to this major river system, supplying up to one quarter of the total alkalinity derived from silicate alteration in the basin. A substantial flux of carbonic acid is neutralized during hydrothermal reactions to produce the observed hot spring alkalinity. Once the products (cations, bicarbonate) of these reactions are introduced into stream water, they behave as any other alteration (i.e., ''weathering'') products. We have previously termed this process ''high-temperature weathering'', as it produces a solute signature largely indistinguishable from ''normal'' weathering reactions that take place at ambient temperatures within soil and groundwater environments [Evans et al., 2001] . That the small hydrothermal water flux (<1% of the stream discharge) accounts for such a large fraction (>25%) of the silicate alteration budget is a function of the much more efficient reaction kinetics in high-temperature hydrothermal reactions as compared to soil reactions.
Strontium
[29] Strontium/calcium ratios and 87 Sr/ 86 Sr values in the hot spring fluids are consistent with derivation of solutes from local host rocks, modified by calcite precipitation [Evans et al., 2001] . Springs found in TSS outcrop have low again consistent with the differences in bedrock chemistry [Galy and France-Lanord, 1999] . However, Sr/Ca ratios in the springs are fractionated by the precipitation of calcite [Evans et al., 2001] , and the variable extent of calcite precipitation combines with source rock variations to produce a wide spread in Sr/Ca, regardless of source rock (Figure 3) . In most cases, the hot spring fluids contribute radiogenic Sr with high Sr/Ca to Himalayan rivers ( Table 2 ). On the basis of the calculated hot spring discharge and the [Sr] of the hot springs and assuming a closed system, the estimate hot spring Sr flux to rivers is variable, ranging from less than a percent in the Langtang to as high as 20% for the Modi and Marsyandi rivers. For the Narayani as a whole, the springs contribute $6% of the total Sr. For the springs flowing from HHC and LH rock in particular, the radiogenic Sr flux from the springs is significant.
Seasonal Variability and Annual Flux Estimates
[30] The monsoon climate of the Himalayan region imposes large seasonal variations in river fluxes of water, solutes and sediments. The majority of geochemical data published for Himalayan rivers are from outside the monsoon period (JuneSeptember), including much of the data in this study. However there are sufficient data to make a preliminary estimate of the annual dischargeweighted solute fluxes and alkalinity budgets for the Narayani. The annual fluxes are calculated by using annual discharge-weighted mean (AWM) end-member values in equations (3) - (6). The AWM values are derived by one of two methods. A number of rivers and tributaries in the study area have been sampled during both the monsoon and dry season. The Trisuli river was sampled bi-weekly through the monsoon season at Betrawati barrage [Galy and France-Lanord, 1999] providing a robust sample set for our annual flux estimates. For the other rivers in our database that do not have the same frequency of sampling, but do have at least one monsoon sample, we follow the technique of France-Lanord et al.
[2003] and estimate our annual weighted mean (AWM) using one premonsoon sample, one monsoon sample, and one postmonsoon sample. [Yogacharya et al., 1998 ] to produce an annual average for each species. The effects of a small sample set were tested by comparing the results based on the full data set from Betrawati (n = 14) with a reduced set containing only 3 samples: one premonsoon, one monsoon, and one postmonsoon sample. The AWM fluxes of the major elements based on the smaller data set were slightly lower than for the full data set, but were all within 15%. The Ge/Si ratio at Betrawati based on a 3-sample limited data set is 3.6 mmol/mol, 17% lower than that based on the full data set (4.3 mmol/mol). The results of this exercise suggest that estimating AWM dissolved fluxes when only 1-3 monsoon period samples is a viable method, producing values within 20% of the true value, biasing Ge/Si ratios to slightly lower values.
Rivers
[31] At Betrawati, peak discharge normally occurs during August, and is more than an order of magnitude greater than the seasonal low discharge in early spring ( Figure 6 ). Approximately 80% of the annual discharge occurs in the June-September interval. Total dissolved solids drop during the rising limb of the hydrograph from $110 mg/L to near 60 mg/L, and then recover during the descending limb [Galy and France-Lanord, 1999] . Total suspended solids shows considerably greater seasonal variation, with almost all of the sediment transport occurring during the monsoon months. Dissolved silica concentrations fall sharply during the rising limb, increase somewhat through the rest of the monsoon, and return toward higher winter values during the falling limb (Figure 6a ). Ge/Si ratios show a similar pattern, though in detail the correlation between Ge/Si and [Si] is not strong (Figure 6b ). The AWM Ge/Si ratio of the Trisuli at Betrawati of 4.3 mmol/mol is approximately half of the value observed during the premonsoon season. This value is still considerably elevated with respect to ''normal'' river values [Froelich et al., 1985] and indicates that the influence of geothermal inputs to the system is significant on an annual, discharge-weighted basis. The high value also suggests that spring discharge increases during the monsoon, although not proportionally to the increase in river discharge. An absolute increase in spring discharge during the monsoon season is consistent with observations of numerous intermittent springs that are dry in the premonsoon but flowing during the monsoon, and local reports that tatopani (''hot spring'') flow is much higher during the monsoon. ] and Ge/Si in the hot springs remain constant, this indicates that the fractional contribution from hydrothermal sources declines during the monsoon, but not as much as would be predicted by simple dilution (a factor of 10 or more). Consequently, the absolute spring discharge must increase during the monsoon, on the order of a factor of 2-3.
[33] For the purposes of this study, the AWM river end-member ((Ge/Si) R ) was calculated following the procedure of France-Lanord et al. [2003] ( Table 6 ). Sufficient data exists for four of the eight rivers in this study to produce AWM (Ge/Si) R values (the Trisuli, the Marsyandi, the Seti, and the Kali Gandaki). For these rivers, the AWM (Ge/Si) R is between 1.8 and 2.4 times lower than the dryseason value. As a first-order estimate, we calculated AWM (Ge/Si) R values for the remaining four rivers using an average reduction of 2.1 times between the dry season and annual value.
Hot Springs and Tributaries
[34] Monsoon-driven changes in the hot spring and tributary end-members must also be taken into account when using the chemical mass balance to estimate annual solute fluxes. Tributary data is limited; however the Chepe and Darondi Kholas were sampled in both seasons. The available data do not define any clear seasonal differences and consequently, we employ the same tributary endmember for our annual estimate as used above.
[35] Only one hot spring has been sampled during both monsoon and nonmonsoon season. Samples MLB 85 and MO 520 from Tatopani on the Kali Gandaki are close in composition for both major elements and Ge/Si ratio (Figures 7a and 7b) . Concentrations of magnesium, calcium, potassium and sulfate are within a few percent, while alkalinity, chloride, fluoride, silica, germanium and sodium are more dilute in the monsoon sample by 12-31%. Ge/Si drops slightly from 93 mmol/mol during the dry season to 85 mmol/mol during the monsoon (Figures 7a and 7b) . The Ge-Si systematics of the Nepal hot springs are primarily controlled by quartz solubility, and typically reflect equilibration with quartz at an elevated subsurface temperature [Evans and Derry, 2002] . Given this control, unless the flow path of water through the hydrothermal system changes substantially, it is unlikely that the Ge-Si relations of the fluids will change much other than by dilution during seasonal changes in hydrologic fluxes. The limited data above are consistent with this expectation, and so we also keep the hydrothermal end-member constant for the monsoon calculation. Clearly more monsoon season data for both streams and hot springs are needed to test these assumptions, but the available data suggests that they are reasonable as a first approximation.
Annual Flux Estimates
[36] The discharge-weighted annual F W HS values for the central Nepal rivers based on the above assumptions are presented in Table 6 . The results show that on an annual flow basis, the hot spring discharge is between 0.02% and 1.2% of the river discharge. This results in mean annual hot spring discharge values of between 0.01 and 1.3 m 3 /s. The AWM value of F W HS across the Narayani basin is 0.25%, equivalent to a total hot spring discharge %3 m 3 /s. The fractional contribution is reduced by a factor of 2 relative to that calculated for the premonsoon season, while the absolute flux increases by $50%. Table 2 and Kotarba et al. [1982] . Using the above F W HS values in conjunction with AWM concentrations for ALK, Na**, and K* we can estimate the annual hot spring contribution to the silicate alkalinity budget for the individual rivers and the Narayani as a whole (J sil-annual HS ) (Table 7) . Again, sufficient data exists only for the Seti, the Marsyandi, the Kali Gandaki and the Trisuli rivers. The AWM ALK, Na**, and K* for these rivers were compared to the dry season values to compute a dry-season/monsoon factor and as with the AWM Ge/Si, this factor was applied to the dry season data for the other four rivers, to estimate the missing AWM alkalinity data.
[37] On an annual basis, the hot springs provide between 2% and 36% of the silicate alkalinity to the individual rivers of the Narayani basin (Table 7) , less than during the dry season (Table 5) . While their relative contributions are different than during the dry season, four rivers again comprise most (79%) of the hydrothermal flux, the Trisuli, Myagdi, Kali, and Marsyandi. The overall influence of hydrothermal fluxes decreases during the high discharge monsoon season, but this shift in relative importance could simply be a function of our estimation technique. As with the premonsoon season, we estimated the overall impact on the Narayani alkalinity budget by computing the weighted sum of the individual river basins, and by using monsoon season alkalinity data from Narayanigat. Both estimates agree to within error, with the estimate of the hydrothermal portion of the annual silicate alkalinity flux, (X (ALK sil HS )) between 9 and 13% of the total annual silicate alkalinity flux of the Narayani, a flux of %7.6 Â 10 8 eq y À1 . We emphasize this is a preliminary estimate, and likely to be biased toward low values for two reasons. First, in assigning hot spring chloride to a halite and/or cyclic origin, we have probably underestimated the Na from silicate sources in some springs. Second, the precipitation of hydrothermal carbonate removes Ca 2+ and alkalinity from solution. However, these deposits are later eroded and dissolved, and appear in stream waters as products of carbonate dissolution, despite the fact that a significant portion originated as silicate alteration products. Essentially, dissolution of hydrothermal carbonate adds silicate-derived alkalinity to stream waters in a two step process. Ca 2+ is released by silicate alteration in hydrothermal systems, neutralizing carbonic acid and generating alkalinity. Precipitation removes these components, but later weathering will reintroduce them to the hydrologic system. Only after the precipitated hydrothermal carbonate is redissolved does the alkalinity generated by hydrothermal silicate alteration become part of the stream budget, and it does so with all the appearances of carbonate dissolution. We do not here attempt to quantify the flux of silicate alkalinity that passes through this two step process, with a time delay dependent on the rate of erosion and weathering of hydrothermal carbonate deposits. However a simple consideration of the amount of carbonate precipitated in a carbonate saturated hydrothermal system as fluids rise to the surface suggests that this flux could easily be at least equal in magnitude to the observed dissolved alkalinity flux in the springs.
Conclusions
[38] Hot springs located near major structural and topographic breaks in central Nepal make a significant contribution to the solute load of large streams. Hot spring fluid chemistry primarily reflects silicate alteration, while river chemistry upstream of geothermal zones is primarily dominated by carbonate dissolution. Germanium-silicon systematics are a useful quantitative tracer of hydrothermal fluid input, as this ratio is very high in hydrothermal fluids in almost all settings, but low in normal stream environments. We used the Ge/Si mass balance to estimate the fractional contribution of geothermal systems to the river water flux, and to the river alkalinity. We find that during the premonsoon season geothermal fluids account for 0.5 ± 0.3% of the water flux and 25 ± 15% of the silicate alkalinity flux. Combining these results with discharge measurements, we estimate that the hydrothermal water discharge is 2.0 m 3 /s with a factor of 2 uncertainty and the alkalinity flux is 20 ± 14 moles/s across the entire Narayani river basin. Thus a small fraction of hydrothermal water input has a large effect on the silicate alkalinity flux, and contributes a significant fraction of the total.
[39] Sufficient data are not yet available to make an equivalent estimate of the hydrothermal flux on an annual basis, because of the very large seasonal variations in water flux and smaller but important variations in solute chemistry. We have made a preliminary estimate of the importance of hydrothermal sources to the annual flux budgets of water and silicate derived alkalinity using interpolations of existing data. It appears that the fractional contribution of hydrothermal sources to the water and silicate alkalinity budgets are about a factor of three to five lower during the monsoon (depending on the individual river system), implying a relative contribution weighted over the annual cycle of $2.5 Â less than we calculated for the premonsoon season. If this estimate is near correct, hydrothermal sources would account for approximately 10% of the silicate alkalinity carried by the Narayani river system through the year.
[40] An additional source of silicate derived alkalinity that we have identified but not quantified here is the dissolution of hydrothermal carbonate during later erosion and weathering of fossil hydrothermal systems. Ca and Mg are released during hydrothermal alteration of silicate rocks, and an unknown but potentially considerable fraction is precipitated as carbonate within the silicate host rock. Later weathering of this carbonate will yield solute features that are difficult to distinguish from dissolution of sedimentary carbonate. Weathering of hydrothermal carbonate releases alkalinity that was originally derived from silicate alteration. While the importance of trace carbonate dissolution to the solute flux from silicate has been established in the Himalaya and elsewhere, its role in the overall silicate-carbonate cycle has been overlooked. 
Notation
